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A bstr a et
A sim ulatio n study w a s c o ndu cted to e xamin ethe effe cts of tw oty pe s of n e wly de v eloped
pla stic 丘1m s a nd a 丘uid-r o of c o v e r(hollo w-cha n n el d polyc a rbo nate stru ctu r e with 1. 5%
CuSO4-W ater S Olutio n) o nthe air, plant and s oiltem perature s. Clo sedfluid- ro ofand v e ntilat-
ed pla stic fi1m gree nho u s e s withm oists oilw e r ex a min ed atdi ffe rent pla nt de n sitie s o nhot
s u n nydays. T he r e s ultssho w thatat highpla nt den sitie sthe v e ntilatedpla stic 丘1m gr e e nho u se
ga v elo w e r s oila nd pla nt te mpe r atu r e stha nthe clo s ed 包uid-ro of. T he pla nt te mperaturein
the clo sed Buidi O Ofgre e nho u s e w a s u n a c c eptably high at highplant de n sitie s. T hu s, the
pla stic 丘1m s c an be u s ed in hot clim ate s a s a ni e xpe n siv e s ubstitu e fo rthe 月.uid-r o of c o v e r
withc o mple x str u ctu r e.
E eyw ords : c o ver, 且uid-ro of, gr e enho u s e, hot clim ate , pla stic 丘1m
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No m e n clatu r e s
A Iphabetic symbols
A : a r e a[m 2], Cp : spe cific he at o r v olu m etric he at c apa city [J kg
- 1K
- 1
o rJ m13Kl , a .' s oil laye r
thic kne s s[m m], h: c o n v e ctiv ehe at tr a n sfe r c o e缶cie nt[W m~2K~1], k: ther m alc onductivity[W m~1Ⅰぐ 1],
L A Z:le afa re ainde x[-], M : rate of w ater v apor transfer (transpiratio n, e v apo ratio n o r c o nde n s atio n)
[kg s11], m : m a s sofc o ve ror gre enl10 u S e air[kg], Nsh: n u mbe r ofshaded le af laye rs, Na : n u mbe r ofthe
gr e enl10 u Se air e x cha nge s[h-1], QC: c o n v e ctiv e e n e rg y[WL QD : c o ndu ctiv e e n e rg y[W], QE : emis-
siv e po w e r[W], QL : abs o rbed lo ng w a v e sky r adiatio n[W], QS : abso rbed s ola r radiatio n[W], QT
abs o rbed the r mal r adiatio n[WL R II: relativ ehu midity [0/.], i: tim e[s], T : te mper atu r e[K], V :
v olu m e ofair, pla nt o r soil layer s[m 3]
Gyle ek sym bols
a(A, e): spe ctr al dir e ctio n al abs o rpta n c e[-], E(A, 0): spe ctr aldire ctional e mittanc e ト], r(A, 0):
spe ctr al dir e ctio n altr a n s mitta n c eト], rl:tr a nsmitta n c e ofpla ntlaye rtother m alradiatio n[-], x :late nt
he at ofv apo riz atio n[Jkg-1], A: w a v ele ngth[n m or pm], p : de n sity[kg m~3], a):hu midity r atio [kg
w ate rv apo r/kg dry air]
Subsc ripts
a : gre e nho u s e air, a m: a mbie nt o utside gre e nho u s e, c: gre enho u s e c o v e r, c2 :lo w e r sheet ofthe fluid-
ro of, D :dry air, g:gr e e nho us e s oils u rfa c e, k: sky, p:pla nt c a n op y, s :s oils ub-laye r, sh: shaded le af,
s u: e xpo sed to su n且e cks, T: m oist air, u :v e ntilatio n
Re c eiv ed 2 Ma r ch 2001
Acc epted 6July 2001
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A bbr eviatio n s
F R C:fluid-r o ofc o v er, I R:infra red radiatio n(700- 2 50n m), IJRF:liquid-radiation fi1te r, N P A R:n o n-
photo syntbetic ally a ctiv e r adiatio n (ロⅤ + IR), P A R: photo syntbetic ally a ctiv e radiatio n (400- 700n m),
P F C: pla stic 丘1m c o v e r, U V: ultr a violet r adiatio n(200- 4 00n m)
Introdu ctio n
A gre enho u s e u nde rhot a nd su n ny clim ate c o ndi-
tio n sis ofte n o v e rhe ated by thein cide nt sola r radia-
tio ntr a n s mitted into the gre e nho u s e. Us e ofa fluid-
ro ofc o v e r(c alled F R C he re afte r)is o n e of 也e pr o m-
ising solutio n sfo rsolvingthis proble m
l
･
2)
. F R Ca cts
a s a s el ctiv e血ter and r e m o v e s a signi丘c a nt po rtio n
ofthein cide ntsola rradiation by 丘1te ring o ut the n o n
-pboto synthetic ally a ctiv e radiatio n (NPA R) via a
sele ctiv eliquidr adiatio n色比e r(L R F)a nd bytra n s mit-
ting ala rge po rtio n ofphoto synthetic ally a ctiv e r adia-
tioll(P A R). On e ofthe be rle丘ts of F R C is 也at 也e
gr e e nho u se v e ntilato r s c a nbe kept clo sed du ring m o st
ofthe daytim e, so that C O2 C a nbe e n riched wi 也 1ittle
o r n olo ssto the o utside
ト 5)
. Pr e vio u s studie s of F R C
gre e nho u se sha v ebe en c o ndu cted only o n an e xpe ri-
m e ntal sc ale . Fo u rproble m s are c urrently preve nt-
ing 也 e wide ap plic ations of F RC gre enho u se s: (i)
F R Cgr e e nho u s e sha v e a c om plex c onstructio n with
hollo w-cba n n el d, rigidpla stic str u cture s. (ii) the
initial c o stis bigb (a r o u nd 50, 00Japa n e s eYe n pe r
squ a re m eter($40/ft2) of polyc a rbo n ate stru ctu r e).
(iii)there a r epossible ha
l
Z a rdsdu eto the u se ofto xic
c op per s alts (i. e . CuSO4) a s L R F. (iv)the c o st of
the ele ctric e n erg yfor c o oling the L R F is high. T he
e n e rg yc olle cted by L R Fon a hot su m m e rday (July
ll,2 000 in the Tokyo a r e a,Japan) w a s ar ou nd17 MJ
m-2d~1(fo rgr e e nho u s e丘o o r a r e a) tale afa r e ainde x
(L A I) of 1. 0. Ov e rhe ating pr oble m of a gre e nho u s e
in a hot clim ate c a nbe s olv ed als oby abso rbing o r
re且e cting the N P A R(i. e . by tra n s mitting the P A R)
via a sel ctiv etr a n s mis sio npla stic 丘1m c o v e r. A fe w
Japa n es e c o mpa nie sha v ebe e nde v eloping s ele ctiv e
tr ansmission plastic 丘1m sfo r也is pu rpo s e. W e pre vi
-
o u sly re c o m endedtw oty pe s ofpla stic丘1m s a sgr e e n
-
ho u s e c o v e rsfo a hot clim ate
6)
. T he ob]
'
e ctiv e ofthis
study w a sto e x a min e 也 e e庁e ct of the s e丘1m s a s
gr e e nho u se c o v e rs c o mpa ring witb 也e F R Co n s ev e r al
pa ram eters (gre enho u s e air, pla nt, soila nd 丘1m te m -
peratu r e s, r elativ e hu midity a nd pla nt tran spir atio n
r ate)in a clo s ed F R Cgr e enho u s e a nd in a v e ntilated
pla stic 丘1m gr e eI血o u s e u nde rhot a nd su n ny clim ate
c o nditio n s, u sing a c o mpute r sim ulatio n.
En e rg yBala n c eEqu atio n s
T be siln ulatio n w a sba s ed o n agr e e nho u s e with a
8 m X8 m 且o o r a r e a(Fig. 1), o rie nted E-W . T be ro of
c o v erfa c ed s o uth with a slope angle of 13
o
to maxi-
miz ethe s ola r r adiatio n tr a n s mited into 也e gre e n-
ho u s e o nJuly 17atlatitude of 35. 4
o
(Tokyo a r e a,
Japa n). T hr e ety pe s ofc o v e r w e re e x a min ed. On e
w a s ahollo w-cha n n el d polyc a rbo n ate c o v e r with
circ ulating 1. 5
0/. CuS O4-W ate r S Olutio nin side itin a
clo s ed lo op (the c o v e r a nd a colle cting ta nk). T he
c olle cted sola rhe at en e rg y w a s re m ov ed fr o m the
ta nk by c o oling to maintain the s olutio ntem pe rature
at 18
o
C. Detailed e xpla n atio n fo r sim ulatio n m odel
de s c ribing 也ebe at a nd w ate r v apo r e x cha nge sin su ch
clbsed F R Cgre enho useis giv e nby A b del-G ha ny et
al. 7). T he othe rtw o c o v ers w ere plasticfi1m s na m ed
ど-C L E A N-IR Ca nd Y X E-4. T he e n erg y a nd w ater
v apo r e x cha nge s a m o ng the gr e e nho u s e c o mpo n e nts
(c o v e r, pla nt c a n op ya nd soil) w e r e a n alyz ed. T he
side w allw a s a ss u m edto betbe r m allyin s ulated, soits
effe ct o n e n e rg yb ala n c e w a s n egle cted. T he radia-
tio n spe ctr u m r a nge w a sdivided into s ola r r adiatio n
(0 - 2. 5FLm)andthe r malr adiatio n(2. 5p m - 50fL m).
T he sim ulation w as c ar ried o ut a ssuming : (i)
spe c ula r r e且e ctio nfro m a sm o othpla stic co v e r s u r
-
fa c e s. (ii)the pla stic 丘1m c o v e rte mperatu r eis cha r-
a cte riz ed by a n a v e r agete mpe r atu r eTc(thete mpe r a-
tu redistributio nthr o ugh tbe 丘1m thickn e ss w a s neg-
le cted). (iii) the diffu s etherm al r adiatio n emitted
fr o m 也e pa nts a nd s oils u rfa c ein side 也e gr eenho u se
r e a che sthe c o v e rin n e r su rfa c e at an in cident a ngle
equ alto 60
o
8)
. (iv)the gre e nho u s e airte mpe r atu r eis
cha ra cte riz ed byits a v e r agete mpe r atu reTa . (v)the
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Se ctio n alvie w ofthefluid-r o ofc o v el
Fig. 1 Sche m atic diagra m ofthe gre e nho u s e u s ed in the sim ulatio n.
pla nt
-
c a n op yis c o n side r ed a s o n elayer a nd itste mpe r-
atu reis cha r a cte riz ed by a v e rage te mpe r atu r e Tp.
(vi) the m oist gr e e nho u s e s oil with c o n sta nt
v olu m etric w ate r c o nte nt of 16. 9% w a sdivided into 12
laye r s wi也 di庁e r e nt thickn e s se s. Ea ch s oil laye ris
cha r a cte riz ed by a n a v e r age te mpe r atu r eTs, n (n - 1,
2
,
- 12) a nd a n a v e r age 也e r m al pr ope rty. T he
thickn e ss a nd the r m al prope rtie s of 也e laye rs a r e
giv en by Papadakis et al. 9). W ater m o ve ment
thr o ugh the s oil layers w a s n egl cted. En e rg ybal-
a n c e equ atio n s c o ntr olling the be at a nd w ate r v apo r
e x cha nge s a m o ng pla stic 丘1m c o v e r(P F C), pla nt
c a n op y a nd gr e e nho u s e s oila r e s u m m a rized belo w.
T he sym bols u s ed in the follo wing equ atio n s a r e
de丘n ed in the n o m e n clatu r e a nd their details a r e
de s c ribed in A b del-G ha ny et al. 7).
T he gr e e nho u se c o v e r
T be e n e rg ybala n c e equ atio nfo rthe P F C is giv e n
by:
QSc+ 駈 c+x Mc+ OTc-QCc-a m-QCc_a
12QEc -(m Cp)c% (1)
ture Ib(), Ta n) andthe spe ctraldire ctio n alemitta n c e
of the sky Ek(), 0). T he po rtio n abs o rbed by the
pla stic fi1m c o v e rs(P F Cs) QLc a ndthe po rtio ntr a n s-
mitted into the gr e enl10 u S eQL Tc depe nd o nthe spe c-
tr al dire ctio n alabso rpta n c e a nd tr a n s mitta n c e ofthe
film sin thelo ng w a v e spe ctru m αc(), 0)a nd zTc(), 0),
r espe ctiv ely . Fo r sim plifying the c o mputatio n, QLc
a nd QL Tc c o uld be c o rr elated(c o r r elatio n c o e丘cient
R - 0. 99) a s afunction of the ambient te mperature
Ta n a nd a r egiv e nbelo w :
Fo rF-C L E A N-I R C 丘1m , 100〃 m thick,
QLc - A c(1072. 8-9. 276(Tan)
+ o. 022(Ta n)2)
QL Tc - A c(42. 725-0. 516(Ta n)
+ o. oo2(Ta n)2)
Fo rY X E-4 fi1m , 75lL m thick,
QLc - A c(539. 71-4. 939(Ta n)+ 1. 313
×10
- 2(Ta n)2) (4)
QL Tc - A c(496. 2-4. 179(Ta n)+ 0. 941
×10~2(Ta n)2) (5)
T he e mis siv epo w e rfr o mthe pla stic丘1m c o v e rQEcis
a fu n ctio n ofspe ctr al dir e ctio n ale mis sivity ofthe丘1m
The he misphe ric sky the r m al r adiatio n e mitted fr o m Ec(), 0)a nd the spe ctral distributio n of thebla ck body
the atm o sphe reis a fun ctio n ofthe spe ctr al distribu - inte n sity at 丘1m te mpe r atu r eIb(), Tc) c o uld be c o r-
tio n of the bla ck bodyinte n sity at a mbie nt te mpe ra
- r elated a s afu n ctio n of the c o v e rte mpe r atu r eTc (R
- 9 -
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- 0. 99) a sfollo w s :
Fo rF-C L E A N-I R C 丘1m , 100p m
QEc - Ac(116 1-10. 253(Tc)+ 2. 488
xlO12(Tc)2)
Fo rY XE-4 丘1m , 75〃 m thick
QEc - Ac(668. 1-6. 25 5(Tc)+1. 673
×10~2(Tc)2)
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(6)
(7)
T he in side air
T hegre e nho u se air w a s c o n side r ed a s a n o n-abs o rb-
ing, n o n-e mitting m ediu m cha r a cte rized by ave rage
te mpe ratu r eTa a nd hu midity ratio a)a. Thetem pe r a
-
tu r e a nd w ater v apor pr o丘1e sin the gr e e nho u s e air
w e r e n egl cted. T he e n e rg ya nd w ate r v apo rbalanc e
equ atio n s a r egiv e nby:
QCc-a +QCp-a+ QCgpa+ Qv+
x(Mp･ Mg 十 Mv - Mc) -音[m TCp･ T]a (8)
Mp･ Mg ･ Mv - c -[m D]a普 (9)
whe r e mT a nd m D a rethe m a ss of m oist a nddry air,
re spe ctiv ely. Sen sible he at Qv a nd w ater v apor Mv
a s s o ciated with v e ntilatio n a r egiv enby:
Qv - NaVai # (Ta n- Ta)
Mv - 瑠款(wa n-w a)
T he pla rLtlaye r
T be e n e rg ybala n c e equ ation ofthe plantlaye ris
giv e nby A b del-G ha ny et al. 7):
QSp+QTp-2QEp-QCp-a-xMp
-[v cp]〆普- (12)
A pla nt sub-m odel fo rthe r m al radiatio n e x cha nge at
the plantlaye r r epo rted by A bdel-G ha ny et al..
7) c o n･
siders 也 e radiatio n e‡nitted o nly fr o m 也e up pe r a nd
lo w e r s u rfa c e s of the plant c anop y. T he e mis sio n
fr o mthe shaded le a v e s w a s a s su m ed to b abs orbed
c o mpletelyin side 也e c a n op ylaye r. In 也is study,the
pla nt s ub-m odel ha sbe en m odi丘ed by in cluding the
e missio nfro mthe shaded le a v e s ofthe pla nt c a n op y,
which pa rtially tr a n s mits fr o mthe c a n op ylaye r.
T belo ng w a v etr a n s mitta n c e ofthe pla nt c a n op yis
als o cal led
u
tr a n s mitta n c e of bla ck le a v e s
"
. T hisis
be c aus ethe tr a nsmitta n c e a nd refle cta n c e of thele af
tiss u e sin thelong w ave spe ctru m r a nge c a nbe n eg
･
1e cted
l O)
. Ac c ordingly,the pla ntc a n op ywilltra n s mit
thelo ng w a v e r adiatio Ⅲ o nly, which is n ot o n c einte r-
c epted by the pla nt le a v e s. T he lo ng w a v etr a n s-
mitta nc eofthe ca n op ylaye r TI C a nbe c o n side r ed a s
the fra ctio n ofgr e e血 ou s es oils u rfa c e a r e a o c c upied
by su nfle cks a nd (i-rl) repr e sentthefr a ctio n ofs oil
c o v e r ed by pla nt. Fo rthedif[u selong w a v e r adiatio n
Tlis giv e nby Sta nghellin 1 0):
Tl - e-h ･L A I, the e xtin ctio n c o e丘cie nt k- 1
fo rho riz o ntal le af (13)
T he gre e nho u s e s oils u rfa c e a r e a e xpo s ed to dir e ct
s ola r radiatio n A su a nd the re st portion c o v e r ed by
pla nt c a n opy Ap a r egiv e n, re spe ctiv elyby:
A su - TLAg and Ap
- (1-Tl)A g (14)
whe r eA gisthe s u rfa c e a re a ofthe gr e enhouse s oil.
T he shaded le a v e s a re aAs his giv e nby:
A sh - Ag ･ L A I-Ap (15)
T he e xpe cted n u血be r of le af layer s u nde r shading
e a ch ha ving s u rfa c e a r e a equ alto A pis giv e nby:
Ns h:Integer part of(As h/Ap) (16)
T he re m aining portio n ofa shaded le afis stlp pO S edto
be alaye r with su rfa c e a re aA ,ale s sthan Ap, (A, G-
AG . L A Z-Ns h. Ap). So m epo rtio n ofthe shadedleaf
e missio nis abs o rbed in 也 e pla ntlaye r and the re st
tr a n s mitsthelaye rto the o utside . Thetotalemis sion
ofthe pla ntlaye rQEp c a nbe e xpre s s ed by:
QEp - qp[A p(1 ･卦Tl)1′i)･ Tl･A re] (17)
whe r eqpisthe e missiv epo w e rpe r u nit le af a r e a
7)
.
TIle gre enhou s e s oil
T he s oildepthafEe cted bythe e n e rg ye x ch ange with
the s oils u rfa c e c o uld be che ckedto be a r o u nd 40c m .
Ho w ev e r, the s oil te mpe r atu re at a depth of 1m is
a s su m ed to be c o n sta nt at a valu e of 15
o
C as alow er
bo u nda ry c o nditio n. T he e n e rg ybala n c e equ ation
fo r也e 丘r stlaye ris giv e nby
7)
:
QSg+6?Tg-QE9 - QC9-a-XMg-QDl
-[T%]g% (18)
whe re6iDlis the c o ndu ctiv ehe at tra n sfe r red fr o mthe
丘r st to the next s oil laye r a nd is giv e nby:
QDl - ks, 1A g
(Ts, r Ts,2)
(dl+ d2)/2
' Ts
,
1
- Tg (19)
whe r ethe subs c ripts 1 a nd 2refer to the top a nd
se c o nd s oil laye rs, re spe ctiv ely. The e n e rg ybala n c e
fo rthe n
th
s oil laye ris givenby:
- 10 -
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T he sola rhe at e n e rgy abs o rbed by 払 e pla ntlaye r
QS9, Eq. (12), a nd by the gr e e nho u s e s oilQSg , Eq.
(18), w e r efo r m ulated c o n side ring the m ultipie
re且e ctio n ofthe tran s mitted solar radiatio ninto the
gre e nhotl Sebetw e en the c o v era nds oilsu rfa c epa s sing
thro喝h the pla nt laye r
ア)
. T he the r m al r adiatio n
origin ated fr o mthetr a n s mittedskyther m alr adiatio n
駄 Tc, Eqs. (3),(5), c o v e r emis sio n QEc, Eqs . (6),(7),
pla llti;,1l
-
e r elllis sio n QEp . Eq. (17), a nd s oilsu rfa c e
emission 6?Eg , Eq. (18), a r e abso rbed by plantlaye ra s
QTp a nd s oila s QTg, a s a rede s cribed by A b deト
G ha ny ei al.
7)
. T he pla nttr a n spir atio n r ate Mp w a s
e stim ated by u singthe dyn a mic c o rr elatio nde v eloped
by Bot
l l) (1983). Soile v apo r atio n r ate Mg w a s e sti-
m ated a c c o rding to the abs olute hu mi dity differ e n c e
between the s oilsu rfa c e a nd gr e e nho u s e air a ndv apor
diffu sion c o e伝cie ntbetw e e nthem 7). Convective he at
excha nge betw een the gre e nho u se air a nd c o v e r
QCc-a, pla nt QCp_a a nd s oils u rfa c e6)C9_a W e r e
e stim ated by Ne wto n
'
sla w ofc o oling c o n side ringfr e e
c o n v e ctio nhe at tr a n sfer(Lo w o r n o air e x cha nge rate
of the gr e e nho u sepr odu c e slo w air v elo city in the
gre e nho u s e).
M at.e rials a nd A/Iethods
T he pla stic 免1m s u sed in this study w ere F-C LE AN
I R C 畠1m (Asahi Gla ss Gre en-Te ch Co. , Ltd. Tokyo ,
Japa n) a nd Y X E-4 丘1m (M 主ts ui C he mic als In °.
Tokyo, Japa n). T he lo ng w a v etr a n s mitta n c e at
n o r malin cide n c e of the s e負1m s a nd a plyc a rbo n ate
sheeta re sho w nin Fig. 2. T he a v e rage n u mbe r ofair
excha nge s (Na) w a s cho se nto be 25(h-1), (i. e.
n atu r alv e ntilatio n atlo w win dspe ed
17)), to de cre a s e
Tc a nd R ‡I in side the gre enhou se andto m aintain Ta
lo w e rtha n o r equ alto Ta n.
T be pⅠa nt c a n op y w a schara cte riz ed by o n elaye r
c o n siting ofgr e e nle aves e a ch wi th 0. 5 m mthick a nd
5 c mlo ng. L A Z from 1to 5 cha r a cte riz ed diffe r e nt
pla nt de n sitie s a nd L A Z- 1 w a s cho s ento study the
tim e c o u r s es ofdiffe re nt v a riable s.
T he v alue s ofc o v e rte mpe r atu r eTc, gre e nho u s e air
te mpe r atu re Ta , air hu midity r atio 色事a , Pla nt laye r
te mpe r attlre Ti', s oilstlrfa c ete mpe ratu r eTg a nd s oil
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Fig. 芝 Spe ctral tra n s mitta n c es m e a s u r ed at n o r m al
iIICide n c efo rthe c()v ering m aterials u s edin the
sil11tllatio ll.
s ub-laye rte mpe r atu re sTs, n w e re obtain edby s olving
thediffe r elltialequ atio n s, Eqs. (1),(8),(9).(1 2). (18)
a nd(20), sim ultain u sely usingthe Pr edictor Corre ctor
M ethodl 急). T he sim ulatio nw asfo rthedaytim e o nly,
ho w e v e rthe night c o oling e圧e cts ofthe c o oled sl(y o n
也e gr eer由ouse e n viro n m e nt w e r e n ot in cluded. T he
m ete orologic al data u s ed to solv e the se equ atio n s
w e re a mbie nt te mper atu r e, wind spe ed a nd spe ct ral
distributio n of sola r radiatio n, a nd w e re re c o rded
e v e ry 30 min ute s o nJuly ll, 2000at Tokyo area ,
Japa nfr o m6:00a . m . to 6:00p. m . T he s edata w ere
a sstl m edtobe the sa me fo rthree c o n s e c utiv edaysto
obtain ste ady state pe riodic r e stllts a nd the r e s ults of
day nu mberthr e e w o uld be pr e s ented. Pe ak ofs ola r
r adiatio ninte n sity(822 Wm-2) attr u e sola r n o o n w a s
cho s e nto studythe L A feだe cts o ndiffe re ntpa r a m e
-
te r s. Radiativ e a nd the r m ophysic alprope rtie s of the
gre e nho u se c o mpo n e nts u sed a sinput data in clude:
(i) sho rt w a v e r adiativ e pr ope rtie s ofthe polyc ar-
bo n ate m ate rial repo rted in N ijskens et al. 1 3), a nd
tho se of P F Cs repo rted in A bdeトG ha ny ei al.
8)
. (ii)
lo ng w a v e radiativ etra ns mittanc e of the P F Cs m e a-
su r ed at n o r mal incide n c ein Agric ultu r al Te chnic al
Ce nte r of Agric ultural Co ope r ativ e s(H ir ats uka ,
Ka n agaw a,Japa n) a nd tho s e ofpolyc a rbo n ate m ate-
- ll-
242 ABD E LIGH A N Y･ Koz A I･ CH U N
rial adapted fro m Fig. 2
14)
a nd (iii) pla nt a nd s oil
r adiativ e a nd 也e r m alpr ope rtie s r epo rted in 也 elite r al
tu r e9･ 1 5･ 1 6). T he initial valu e s of the gre e nho u se air
te mpe r atu r e Ta a nd r elativ e hu midity R H w e re
a ss u m ed to be 23
o
C a nd 28%, r e spe ctiv ely. Detailed
de s c riptio n s of 也e s olution pro cedu r e a nd 也e dire c･
tio nal effective transmi ttanc e, effe ctiv e abso rpta nc e
a nd efe ctiv e refle cta n c e ofthe gre enhous e c o v er a re
r epo rted in A b del-G ha ny etal. 6･7)
Res ultsand I)is cu ssio n
T be abilitie s of thete sted c o v e r sto tr a n s mit u seful
s olar radiation (i. e . P A R) a ndto redu c ethe he atlo ad
by c utting-o圧the n o n-u s efulenerg y(i. e . N P A R)are
illu str ated in Fig. 3-a and Fig. 3-b, respe ctiv ely.
P A Rtra n s mitted thr o ugh P F Cs a regre ate r tha n
thr o ugh the F R C(Fig . 3-a). At the S a m etim e,
N P A Rtr a n s mitted thr o ugh the P F Cs a r e m u ch
gre ate rtha nthr o ughF R C(Fig. 3-b). T hisis du eto
也e spe ctr al tr a n s mita nc echaracte ristic ofthe F RC.
T he P FCstem perature Tc andtheinn e r s urfa c ete m-
pe r atu re ofthe F R C Tc2 a r eim po rta nt pa r a m et rsto
be e x a min ed in hot clim ate ap plic atio n s. T he tim e
c o u rs e s of Tc, Tc2,i n a nd Tc2,.u t(Tc 2 at L R F inlet a nd
o utlet, r e spe ctiv ely)a r eillu str ated in c o mpa ris o n with
the o utside a mbie nt te mper atu r e Ta,ain Fig. 4 fo r
0
0
0
0
0
5
0
5
0
5
r
J
3
2
つ
一
-
(
N
･
∈
き
)
∝
V
d
6 8 10 12 14 16 18
True s o(a rtim e(h)
Fig. 3-a Diu rn al in cide nt P A Ra nd P A Rtr a n s mitted
thr o ugb the tested gr ee nho u se c o v e r s, m e a-
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Fig. 3-b Diu rn畠1 in cide nt N P A Ra nd N P A Rtr a n s mit-
ted thr o ugh the te sted gr e e nho u s e c o v e r s,
m e a sur ed on July ll,2000at Tokyo a r e a,
Japa n.
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FigA Tim e c o u rs e s of the te mpe ratu re sfo rte sted
gr e enbo u s e c o v e rs a ndthe o utside a mbie nt te m-
pe r atu r eTa n at L A Z- 1. 0.
Tc - Film te mpe r atu r e sfo r Y X E-4 and F-
C L E A N-IRC.
Tc2,in and Tc 2" u t- In n er su rfac ete mpe r atu r e s
ofthe F R Cat L R Finlet a nd o utlet.
L A Z- 1. T he Tc2,in a nd Tc 2,O u ta r elo w e rtha n Tcdu e
to 且o wing ofthe c o oled L R F(18
o
C atinletin F R C).
T he Tc a r ehighe rthan Ta n du ring m o st ofthe day-
su r ed o nJuly ll,2000at Tokyo are a,Japan. tim edu eto s olar a nd 也er mal r adiatio n abs o rbed by
- 12-
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Fig. 5 EfEects of L A Io nthete mpe r atu re s ofthete sted
gre e nbo u s e c o v e rs at tru e s ola r n o o n ofJuly
ll
,
2000at Tokyo a re a,Japa n.
Tc - film te mper atu re sfo r Y X E-4 a nd F-
C L E A N-I R C.
Tc2, ou t, -in n er su rfa cete mper atu re ofthe F R Cat
L R Fo utlet.
the s e丘1m s. Fig. 5 illustr ate s Tc of Y X E-4 a nd F-
CL E A N-I R C film s a nd Tc 2,ou t Of F RC at di ffer e nt
I/A I. An a c c eptablete mpe r atu r ediffe r e n c eb tw e e n
Tc a nd Ta n of P F Csis c o n side redto be abo ut4- 6
o
C
o v er allplantdensitie s atsolar n o on (也e pe ak ofs olar
radiatio n inte nsity). A lso Tc 2,o u t and Tc are n ot
stro ngly affe cted by plantdensitie s. T hisisbe c a u s e
thethe r m alr adiatio n e mitted fr o mthe pla nts a nd soil
a nd abso rbed by the lo w e r she et ofthe F R Co r也 e
P F Cs a r e c o nti u o u sly re m o v ed via c o oled L R F
丘o wing in the F R Co r via gr e e nho u s e air in the
v e ntilated P F Cgr e e nho u s ein fo r m s of c o n v e ctio n
he at tr a n sfe r.
Gr e e nle af a nd s oil hav e a high abs orpta nc efo r
s ola r a nd the r mal r adiation , sothat Tp a nd Tg are
m ainly affe ctedbythe s olar a ndthe r m al radiatio nin
the gre e nho u se. H o w e v e r, the c o n v e ctiv e he at
e xcha nge s a m o ng air, pla nt c a n op ya nd soils u rfa c e
hav ele s s effe cts o n Tp a nd Tg v a riatio n s. P hoto-
s ele ctiv eP F Cs r edu c ethetr a n s mis sio n ofsola r r adia-
tion (m ain s o u rc e of e n e rg y)into 也 e gre e nho u seby
c utting-off N P A R. Ve ntilatio n e nha n c e s s oile v apo -
ratio n alld pla nt tr aII Spir ation a nd c ons equ ently
de cr e a se sTg a nd Tp, r e spe ctiv ely. Acc ordingly, Y en -
tilatio nfo rP F Cgr e e nho u s e sho w ed afa v o r able effe ct
in r educing pla nt a nd s oilte mperature s e spe cially at
highpla ntden sitie s a sisillu str ated in Figs. 6, 7, 8and
9. Fig. 6 illu str ate sthe tim e c o u rs e s of Tp u nde rthe
te sted c o v e r sfor L A Z- 1. A llte sted c o v e r s sho w
alm o stthe s a m e a c c eptable effectin redu cing Tp at
lo w pla nt de n sitie s. Fig･7 illu strates Tp u nde rthe
te sted c o ve rs a s affe cted by LAZ at the sa m e s ola r
r adiatio n tr a n smitted into the gr e e nho u s e s. L A Z
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Fig. 6 Tim e c o u rs e sfo rthe pla nt te mpe r atu reTp a s
affe cted bythetestedc o v e rs c o mpa ring Withthe
o utside a mbient te mpe r atu r eTa n at L A I- 1. 0
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Fig. 7 EfEe cts of L A Zo nthe pla nt te mper atu re Tp unde r
tbe te sted gre e nho u se c o v e rs at tr u e sola r n o o n of
J11y ll,2000at Tokyo a re a,Japa n.
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Fig. 8 T im e co u rs e sfo rthe s oilsurfac etem perature Tg
a s affe cted by the tested c o v er s com pa ring With
the o utside a mbie nt te mpe r atu r eTa,n atL A Z- 1. 0.
do e s n ot str o ngly affe ct Tp u nde r P F Cs du eto the
v e ntilatio n
,
which e nha n c e sthe pla nt tr a nspiration
a nd pre v ents the a cc u mulatio n ofhe at e n erg yin the
PF Cgre enho us e. Tpin c r e a s e s with in cr e a sing L A I
in the clo s ed F R Cgr e e nho u sedu eto thein c r e a se of
也e r m al r adiatio n origin ating in side the gre e nho u s e
a nd abso rbed by the pla nt c a n op ybe c a u s eF R C is
opaqu efo rthe r m alr adiatio n while P F Csha v e c o mpa-
r able tr a n s mis sivity to the r m al r adiatio n. A ls o
in c re a sing R H in 也 e clo s ed F R Cgr e e nho u s e u s u ally
s up pre s sesthe tra n spir atio n r ate Mp a nd c o n sequ e ntly
Tpin cre a s e s. T he tim e co u rs eof Tgisillustratedin
Fig. 8 fo r a nL A Zof1 a ndthe effe ct ofplantde n sitie s
o n Tgisillu str ated in Fig. 9. Atlo w pla ntde n sitie s
(L A Z<_2) Tg u nderF R C islo w ertha n Tg unde rP F Cs
be c a u sethe s ola r a nd sky the r malr adiatio n e nte ring
也e P F Cgre e nho u s e a nd abs o rbed by s oil is highe r
tha n 也e clo s ed F R Cgre e nho u s e. At high pla nt de n
-
sities (L A I> 2) Tg u nde r F RC in c rea se s with
inc re a s e s ofL AZdue toin c rea se ofther malradiation
o rigin ated in the clo s edFR Cgre enho u se a nd absorbed
by s oil. W hile Tg u nder PFCs de c r e a s e s with
in c re a s e s of L A I du eto the shading effe cts of the
pla nt c a n op yo nthe s oils u rfa c e.
T heinte rn ale n e rgy ofthe gr e e nho u s e air a s w ella s
㌔ depe nd o n 也e n etse n sible be at addedto the airin
fo r m ofc o n v e ctio nfr o mpla nt c a n opy, fr o m s oils u r-
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Fig. 9 EfEects of L A Zo nthe soil surfa cetem pe rature
T
g unde rthe te sted gre enho us ec o ver sat s ola r
Ⅲo on ofJuly ll,2000at Tokyo a r e a,Japan .
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Fig. 10 Tim ec oll rSe Sfo rthe gr ee nho u se air tem pera -
tur e Ta a s affe cted by the te sted c o v ers
c om pa ring with the o utside a mbient tem pera -
tu r eTa n at L A Z- 1. 0.
fa c e, fr o mthe in n e r su rfa c e ofthe gr e e nho u s e c o v e r
and he at added du ring v e ntilatio n. Ho w e v e r, Ta
depends o nTp, Tg , Tc a nd Ta n. Tim e c o u r s e of Ta
for L A Zof 1. 0 isillu str ated in Fig. 10a nd the effe ct of
L A Zon Ta isillu str ated in Fig. l l. T he seFigure s
sho w Ta u nder PF Csis highe rthan Ta u nde rF R Ca nd
clo s eto Ta m. T his is be c a u s ethe he at added to
gre e nho u s e air fr o m o utside a mbie nt (Ta n > Ta) du r-
- 14-
pla stic Fi bs v sFluid-Roof Co v erfor aGre e血o us ein aHotClim ate :a Compa rativ eStudybySim ulation 245
(
u
)
a
]
n
l
e
j
9
d
∈
¢
1
0
36
3
l.0 1.5 2.0 2.5 3.0 3.5 4,0 4.5 5.0
LA(
Fig. ll E ffe cts of L A Zon the greenho u s e airte mpe r a
-
tu reTa u nder-the te sted gre e nho u s e c o v er s at
s ola r n o o n of July ll,2000at Tokyo a r e a,
Japa n.
10
90
80
( 70
S
=
v
60
∝
50
40
30
20
10
0
6 8 10 12 14 16 18
True so一a rtim e(h)
Fig. 12 Predicted r elativ ehumi dity, R H, ofthe gr e en-
bo 11S e air a s a庁e cted by the tested c o v e r s
c o mpa rl ng With the m e a su red relativ ebu mid-
ity ofthe o utside a mbient air.
1ng Ventilatio n a ndthe c on v e ctiv ehe atad ded fro mthe
P F Cs with Tcis highe rtha nthat fro m the FR Cwith
a v e rage in n e r su rfa c ete mpe r atu r e Tc 2, (Tc> Tc 2).
An incre a se of Ta with L A Zu nde r F RCis m ainly
affe cted by inc r e a s e s of Tp a nd Tg at high pla nt
de n sitie s.
Figs. 12a nd 13 illu str ate the tim ec o urs e s of R Ha nd
Mp at L A Z- 1. In the clo s ed F RC gre e nho u s e, R Hat
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Fig. 13 Tim e c o urs e softhe tr a nspiratio n r ate Mp pe r
u nit a rea of pla ntle a v e s a s affe cted by the
te sted gre e nho u se c o v e rs at エ』∫
- 1. 0.
bigbpla ntdensity rapidlyin c r e a se a ndr eacheslOO%.
In Fig. 12, R Iiu nder PFCs is clo seto RⅢ of the
o utside a mbie nt du e to v e ntilatio n effe cts. Fig. 13
illu str ate sho w the v entilatio n e nha n c ed Mp u nde r
P F Cs a nd sup pr e ss ed Mp u nde rF R C. Co nde n s atio n
o c cu r s o nly o n 也 ein n e r s u rfa c e ofthe F R C du etoits
a v e r age te mpe r atu re, which is alm o st lo w e rtha n Ta
a nd the high R H in 也e clo s ed F R Cgr e e nho u s e. No
c o nde n s atio n o c c u r s o nthe P F Cs s u rface sbec a u s e
their tem peratures ar e higher than gre e nho u s e air
te mpe ratu r e(Tc> Ta) allthe daytim e a nd o v e ral l
pla ntde n sitie s.
Co n clllSio n s
T be re s ults of the sim ulatio n study a re su m m a riz ed
a sfollo w s :
(i) T he pe rc entdaily-integratedPAR(pboto synth-
etic ally a ctiv e radiatio n) tr a n s mitted into the
P F C(pla stic 丘Im c o v e r) gr e e nho u s e w a s72% fo r
F-C L E A N-I R Ca rld 68% fo r Y X E-4, while the
pe rc ent fo r the 且uid-r o of c o v e r(F R C) gr e e n-
bo u s e w a s6 1%. Ac c o rdingly, pla nts u nde rP F C
a re expe ctedto gr o wbettertha ntho s e u nde rF R C
du eto the highe rP A Rtra n smitted fr o mP F C.
(ii) Unde r ahot clim ate(Ta m - 36
o
C)a nd highs ola r
r adiatio nflu x(822 Wm-2) a nd L A Z>2, the pla nt
a nd s oils u rfa c ete mpe r atu re sin the v e ntilated
ー 15-
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P F Cgr e e nho u s e w e re1- 8
o
C a nd 1- 4
o
C, re spe c-
tiv elylo w er也a ntho sein 也e clo sed F R Cgr e e n-
bo u s e.
(iii) T he P F Cgr e e nho u s e withn atu r al v e ntilatio n
c a nbe pr a ctic al in ahot su n ny clim ate.
Aekn o wledge m e nt
T he a uthoi
.
s tha nk As ahi Gla s sGre e n-Te ch Co . ,
Ltd. a nd M itsui C he mic als ln c. (Tokyo , Japa n) fo r
their a ssita n c ein s up plying the n e wly dev eloped
pla stic 丘1m s a mple s a nd the r adiativ e pr ope rtie s of
thes e丘1m s.
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